A vast majority of people today spend more time indoors than outdoors. However, the air quality indoors may be as bad as or even worse than the air quality outside. This is due to the continuous circulation of the same air without proper ventilation and filtration systems, causing a buildup of pollutants. As such, indoor air quality monitoring should be considered more seriously. Indoor air quality (IAQ) is a measure of the air quality within and around buildings and relates to the health and comfort of building occupants. To determine the IAQ, computer modeling is done to simulate the air flow and human exposure to the pollutant. Currently, very few instruments are available to measure the indoor air pollution index. In this paper, we will review the list of techniques available for measuring IAQ, but our emphasis will be on indoor air toxicity monitoring.
Introduction
Air pollution is an emerging problem today, and various health issues have been linked to poor air quality. Air, the very substance essential for our existence, is also responsible for the premature deaths of more than two million people worldwide when it is contaminated with deleterious chemicals. Respiratory infection, heart disease, and lung cancer are the most common causes of premature deaths resulting from air pollution. One obvious solution is to stay indoors when the air quality is in the unhealthy range. However, little attention and emphasis has been placed on air pollution within office buildings and homes.
The indoor environment has always been considered free from health-damaging pollutants, and Americans spend approximately 22 hours everyday indoors. However, indoor air quality (IAQ) may be far from perfect. The quality of indoor air is influenced by ventilation systems (air conditioning, humidifier system), hygiene (carpets maintenance), office equipment and furnishings, surface coatings, levels of microbial flora, (mould, bacteria) and endotoxins. Poor IAQ leads to headache, fatigue, eye and nose irritation, and sick building syndrome (SBS): a term coined to describe situations in which building occupants experience acute health and comfort issues linked to the amount of time they spend in a building, with no specific illness or causes identified. Office workers in a poor IAQ building have lower productivity, nasal engagement, allergy, and higher asthma occurrence, therefore resulting in negative economic impact. Many independent experiments have shown a direct correlation between pollution rate and work productivity, with improved air quality positively increasing work productivity (2, 3) . Studies have also shown that long-term exposure to low levels of pollutants places individuals at higher risk of adverse health effects, and certain pollutants (e.g., asbestos) are cancer-causing.
Due to the increased awareness of IAQ in recent years, many organizations have conducted studies and set guidelines to ensure a safe working environment. The US Occupational Safety and Health Administration (OSHA), US National Institute for Occupational Safety and Health (NIOSH), American Congress of Governmental Industrial Hygienists (AC-GIH) and the World Health Organization (WHO) are some bigger organizations that have accepted that poor IAQ poses a risk to human lives, and have taken steps to roll out guidelines and enforce laws to ensure a more secure indoor environment.
Human activities such as cooking and the use of cleaning chemicals can also introduce harmful particulate matter and volatile organic compounds (VOCs). In high humidity regions, mold breeds bountifully and releases spores, which causes allergic reactions or poisoning by mycotoxins when in high quantities. Many other combinations of chemical, microbiological, and physical pollutants also lead to poor IAQ. Although the right ventilation and building care can improve IAQ, real-time monitoring of the quality of indoor air can largely improve the efficiency and cost for maintenance of good IAQ. Conventional methods (gas chromatography, fluorometry and liquid chromatography (HPLC)) allows the precise and sensitive detection of pollutants, but usually only one compound or a group of compounds similar in structure can be identified at once. These techniques require the sample to be inserted in a liquid matrix. They are time-consuming, expensive and require well-skilled personnel. Smart gas sensing systems i.e, (electronic noses), quartz-crystal resonators, and other sensing methods seem to meet the criteria for indoor air monitoring. However, the drawback of all these applications is that they are unable to measure the biological impacts of the air pollutants tested for the different types of toxicities (e.g., cyto/neuro/geno toxicities or endocrine disrupting effects). In this sense, biosensors which are composed of whole-cell systems seem to be a desirable choice. The definition of a biosensor is a self-contained bionic integrated device containing a biological recognition element (enzyme, antibody, receptors, and microorganisms), that can respond in a concentration-dependent manner to a biochemical species. Biosensors offer promising advantages for air toxicity analysis due to its low cost, ease-of-use and real-time monitoring capability with minimal sample preparation.
This review paper will first discuss the source and health effects of the different subcategories of pollutants before highlighting the techniques (conventional and biosensors) used to monitor IAQ. The emphasis here is on biosensors for indoor air toxicity monitoring.
Indoor air pollutants -sources and health effects
Indoor air pollution is a global health problem and millions are at risk of chronic respiratory diseases. However, the lack of knowledge and information about its environmental impacts on health has caused an uncontrolled production and emission of pollutants indoors. In developed countries, a majority of people spend up to 90% of their time indoors (home and offices) (4) and inhale an average of 22m3 air per day. With substantially higher levels of indoor as compared to outdoor VOC species, (5) it is important to trace the source of pollutants, the negative health effects brought about by pollutants and identify ways to monitor the IAQ.
WHO has defined health as a state of complete physical, mental and social well-being. Different parameters (e.g., changes in well-being and harmful effects) should therefore be taken to determine indoor health. Health effects may be divided into five groups -immune or hypersensitivity; respiratory; cellular; neurogenic and sensory; and cardiovascular. Evaluation of environmental health effects include identification of the health problem and determining the source of the pollutant. In low concentrations of pollutants (lower than existing guidelines), health issues are believed to be generally reversible and unspecific. Properties of materials, its colors, and style are usually the main considerations when furnishing an interior. Fiber-glass boards are typically chosen to construct office cubicles due to its sound deadening properties, and certain fabrics, adhesives, finishes/coatings are used due to its affordability. However, some materials continuously emit harmful vapors over time, and the ventilation systems may not effectively remove or dilute these emissions. Personal computers are another source of pollution. After being in service for 500 hours (3 months of office use), PCs were found to emit phenol, toluene, 2-ethylhexanol, formaldehyde, and styrene (6) . Even though most pollutants are found in minute concentrations that are much lower than proposed existing guidelines, constant exposure to multicomponent sources of pollutants may affect individuals differently and not in a way that is expected from an individual pollutant. In these cases, it is impossible to assess the interactions between compounds in a mixed exposure because the interaction mechanisms are too complex for normal toxicological evaluation. Workers exposed to such air quality have reported sick building symptoms. In industrial countries, office workers make up more than half of the entire workforce, and thus there is an urgent need to understand the health effects caused by poor indoor air quality. We will describe the sources and health impacts of some of the most common pollutants below.
Carbon dioxide (CO 2 ) is formed in the body and humans continuously exhale this by-product of metabolism. As such, the generation of CO 2 typically varies according to the office occupant load. During office hours, CO 2 concentration remains almost stable but dips during lunch time. Ventilation ensures an effective exchange of air content within a building. However, if the outdoor air quality is poor, overventilation may increase the concentration of pollutants indoors. It has been reported that in some Hong Kong air-conditioned offices that overventilation had created a situation of low CO 2 concentration indoors, but with the drawback of high outdoor pollutants (ozone, nitrogen dioxide) (7) . Therefore, considering the pollution of outdoor air is important to optimize the efficiency of ventilation. A system to filter out pollutants from the intake of outside air would be sensible. High CO 2 concentration causes occupants to feel drowsy, get headache, and lower their activity levels, but these symptoms are reversible when the total indoor CO 2 is reduced to neutral and below 1000 ppm levels (8) .
Volatile organic compounds (VOC) are a class of organic compounds with boiling points from 50-100°C, up to 240-260°C and was suggested as the potential sources for SBS. Likewise, for CO 2 , the main source of VOCs in a building comes from human activities and ineffective ventilation rate. The primary emission of VOCs (e.g., solvents) is produced in new or renovated offices, and homes up to several months old. Office equipment and different physical (e.g., heat, weariness, and UV-light) and chemical (e.g., maintenance, moisture) processes of the building materials are the secondary sources of VOC emission that continuously contributes to indoor pollution. Mucosal irritation and nonspecific symptoms such as headache are associated with VOCs present in the air. When healthy occupants were exposed to VOCs, they reported eye, nose, and throat irritation and reduced air quality ratings relative to clean air conditions. However, occupants who have complained about poor IAQ have milder symptoms. This mismatch in the report may be due to the possible VOCs and O 3 reactions. When formed, secondary products including ultrafine particles may add to possible damaging effects. One of the most harmful and injurious VOC is formaldehyde (HCHO), which is used as adhesive in pressed wood products, building materials, a preservative in paints, coatings, and as a finish to coat paper products (9, 10) . Many governing agencies have established limits to the long-term exposure to HCHO: 0.07 ppm by WHO (11); 1 ppm by NIOSH (12); 0.06 ppm (1 hour average) by the Chinese Environmental Protection Agency (EPA) and 80 ppb by the Ministry of Health and Welfare in Japan, but these values are lower than the detection limit of the human sense of smell (410 ppb) (13) . HCHO is very soluble in water and irritates the upper respiratory tract and mucous membranes of the eyes when present at 0.1 ppm onwards, but the irritation is more pronounced at or above 1 ppm. It is also carcinogenic and a chemical mediator of apoptosis. Therefore, detection of HCHO is important as it helps to reduce the risk of negative health effects.
Indoor combustion processes (e.g., gas application, smoking, and woodstoves) contribute to indoor nitrogen oxides (NO x ) pollution, but the main source is outdoor-to-indoor transmission. In the day, indoor concentrations of nitric oxide (NO) ranges from several hundred ppb to less than 1 ppb, while nitrogen dioxide (NO 2 ) levels is usually from 20-50 ppb, and rarely goes below 10 ppb (14) . NO x reacts rapidly with O 3 or O 2 to form NO 2 , which is the main pollutant in an indoor environment. This chemical reaction is reversible in the presence of sunlight, where photolysis of NO 2 regenerates NO and O 3 . Chronic exposure to low levels of indoor NO 2 is not well understood, but reports have shown that the NO 2 may damage certain lung cells, oxidize proteins with free radicals, and reduce resistance to infection by altering macrophage and immune function (15) . Exposure studies have also indicated that the major target site for the action of NO 2 is the terminal bronchioles. Most epidemiological studies on the health effects of NO 2 focuses on morbidity rather than mortality (16) .
As discussed above, newly built or renovated buildings contain pollutants coming from the materials used for construction and furnishing. When buildings start to age, complex microbial communities (including bacteria and fungi) also begin to inhabit them. Occupants of moisture-prone buildings are often exposed to multiple, different acting toxins of microbial origin and pathogens (17) (18) (19) (20) . Other sources of bacterial contamination include dust, carpets and air conditioning (cooling coils, filters, ducts, humidifiers, drip pans, air-cooling units) (21) (22) (23) (24) . The most frequent diseases related to biological factors are legionnaire's disease, allergic reactions, hypersensitivity pneumonitis, humidifier fever and tuberculosis (25) . In addition to toxin pollution, more than 200 VOCs (e.g., alcohols, aldehydes, ketones, terpenes, esters, amines, and aromatic compounds, sulfur-containing, and nitrogen-containing compounds) have been associated with different fungi (26) . Molds are also common in aged buildings and affect the health of occupants. About 5% of individuals have some allergic airways symptoms from molds during their lifetime (25) . The spores from molds can induce infection and toxic or irritant effects such as nasal and sinus irritation or congestion, dry hacking cough, wheezing, skin rashes or burning and watery reddened eyes (27) . Persons prone to asthma may also have attacks triggered by mold, on top of infections of the skin and nails, body aches, and headache or memory problems. Airborne bacteria or fungal species are also common contaminants found in indoor environments (28) . Usually, air-conditioning systems or open windows are the main source of such microorganisms, which are spread thoughout the rooms via dust or water droplets (29) .
Besides mold, other sources of allergens are dust mites and insects. They enter buildings by ventilation systems or ajar and open windows. The type and concentration of allergens varies with season, weather condition, geographical situation, and the local indoor environment. While the immune system of humans can recognize and react to foreign macromolecular particles as well as cellular pathogens, some allergens may trigger adverse effects. Among them, allergic asthma and extrinsic allergic alveolitis are the two most serious allergic reactions caused by allergens in the indoor air. Contaminated humidifiers in non-industrial buildings have been correlated with allergic asthma and humidifier fever. The contaminated humidifier generates aerosols containing many microorganisms and their debris, together with a wide range of other microorganisms, including thermophilic actinomycetes, molds, bacteria and nematodes (30) .
Tobacco smoke is an indoor pollutant caused by humans. Smoke can be classified as side stream (direct exhalation from the smoker) or mainstream smoke (emissions between puffs), (31) and contributes to the main source of fine particulate pollution indoor in developed countries albeit at a reducing rate in some countries thanks to drastic regulations. Besides particulates, aerosol contains several thousands of substances in a mixture of particles, vapors, and gases. It has been shown that with closed windows and doors, the concentration of indoor air pollutants measured at a different time after smoking were obviously higher than pre-smoking, and HCHO and VOCs still exceed the standard limit after 3 hours. Therefore, ventilation plays an important role in regulating the indoor air content. Smoking also has health impacts on non-smokers -43.5% of non-smoking employees recalled some discomfort from the smoke at work. Second-hand smoke can induce asthma and exacerbation in children and adults (32) . Toxins from the inhalation of mainstream smoke are also typically more dangerous than from direct smoking due to a 20 -100 times higher exposure to N-nitrosodimethylamine, a potent carcinogen for passive smokers (33) . To put things into perspective, an individual standing 50 cm away from a cigarette would have inhaled more than 10 times the amount of carbonyl compounds than that inhaled directly by a smoker (34) . Several epidemiological studies in the US, Canada, and France have showed a higher risk of cancer from radon for smokers than for never-smokers (35) . Radon is responsible for lung cancer among non-smokers and there are about 21,000 lung cancer deaths each year (32) .
Studies have also shown that radon may be present within the soil surrounding a building. This inert radioactive gas arises directly from the decay of radium-226 contained in various minerals (36) . Thus, the structural defects in floors and walls, drains and piping, electrical connections and cellars with earth floors may be the main sources of radon within a building (37) . The half-life of radon decay is 3.82 days, which creates a series of short-lived radioisotopes known as progeny or radon daughters(e.g., electrically charged Po-218 and Po-214) (38) . Building occupants are at risk of exposure to progeny, which can attach to airborne particles and be inhaled into the body.
The concentration of indoor particles is a cause for concern for building occupants. Movement of people aids with the exchange of air into and out of the building, which introduces particles with variable size distribution. Studies have shown that 60-75% of outdoor particulate matter ≤ 2.5 µm (PM 2.5 ) and 65% of outdoor particulate matter ≤ 10 µm (PM 10 ) in aerodynamic diameter effectively penetrates indoors. These particulate matter include dust, dirt, soot, smoke and liquid droplets. High concentrations of PM 2.5 has been associated with increased mortality (39, 40) , as the fine particles can get deep into the lungs and even into the bloodstream. Heavy metals on these fine particles may interfere with specific enzyme systems and blood production in humans, causing brain (41) and kidney damage (42) .
The use of brominated flame retardant (BRF) (e.g., polybrominated diphenyl ethers (PBSEs)) in many commercial products including building materials, electronic equipment, lighting, electric wiring, textiles, furniture, and industrial paint has attracted enormous attention over the last decade (43) . While the use of BRF reduces the risk of fire, it has brought about another set of problems. Degradation of BRF emits vapors that have negative health impacts. Studies have shown that BFR has endocrine disrupting effects (44) , neurotoxic effects (45) , and causes tissue accumulation (46) . However, limited toxicity information is present, and results are mostly incomplete and often conflicting. There are many other pollutants that can be found present in minute amounts in indoor air environments, such as pesticides that were dispersed in the fields and have infiltrated nearby habitats (47) . Radicals from office equipment and microwave, the reaction of ozone with different pollutants that create toxic compounds, the use of phthalate esters as softeners in the production of polymeric materials, and natural occurring parameters such as temperature, relative humidity and amount of light have an effect on the concentration of indoor pollutants. Certain pollutants (chemicals, aldehydes, and terpenes) can exude strong odors. Thus, it is logical to perceive odors in the indoor chemical composition. However, the sources of indoor pollutants are usually non-specific and mostly mixed in the composition, causing difficulty in characterizing and identification.
Toxicity evaluation of different indoor pollutants on humans may thus be determined by a procedure of specific human biomarkers, which could be associated with the occurrence of SBS. For example, some studies show that reactive oxygen species (ROS) cause oxidative damage to DNA and may serve as a predictor of SBS. As a result of DNA damage, 8-hydroxydeoguanosine (8-OHdG) may be excised with hydroxylation by constitutive enzymatic repair systems, excreted in the urine and used as an SBS biomarker. Fig. 1 shows the source of various indoor air pollutants.
In the next section, we will describe some conventional methodologies and biosensor techniques are used to determine the IAQ, including the use of genotoxicant bioreporters.
Conventional and biosensor techniques for indoor pollutant detection
In the previous section, we have identified a list of indoor pollutants that can negatively affect human health and requires monitoring. Various biological, physical and chemical sensors are continuously being developed for this purpose. Four key parameters are usually used to evaluate a sensor's performance: sensor sensitivity, the probability of correct detection, false positive rate and response time (48) . The main challenge in monitoring and measuring indoor pollutants is that contaminants move irregularly in a building and are quite diffused and in small density. Factors such as heating, ventilation, air-conditioning system, building layout, partitions, furniture, properties of a contaminant source, and its location, will affect the dispersion and/or deposition inside a building (49) .
Traditional analytical techniques for air pollutant monitoring like active and passive sampling and diffusive samplers are used for monitoring chemical pollutants (50) . For NO 2 sampling, samples collected are sealed in protective containers and stored in a freezer till analysis with UV-Vis Spectrophotometers in accordance with ISO 16000-15. Formaldehyde monitoring follows ISO 16000-4 and ISO 16000-2 and is analyzed by high-performance liquid chromatography (HPLC) equipped with ultraviolet (UV) detector. CO 2 is monitored by a data logging system, and these complex devices cost between $160 and $600 each. To evaluate the presence of dampness and molds, trained inspectors were employed for visual evaluation using a standardized checklist. Data from the checklist are then entered into a computer database, and data management is conducted with a standardized procedure including quality assurance and quality control (50) . In spite of the high accuracy of the abovementioned traditional analytical methods, the time-consuming issue of sampling and testing, requirement for expensive laboratory equipment and skilled personnel has made these techniques unattractive as compared to the use of biosensors.
Theoretically, traditional analytical methods are the gold standard for pollutant detection. However, within each step of the analytical process (e.g., sampling, desorption, separation, and detection), problems may arise. Highly reactive compounds (e.g., free radicals) are difficult to collect, and analytes may not be able to get trapped or may decompose on the sorbent (51) . Polar compounds and molecules with high molecular weight are difficult to be desorbed from the sorbent. The reaction of reactive molecules with other materials or decomposition may complicate or prevent the separation step (52) . During detection, characteristic ions of certain compounds may be overlooked when the analyte is scanned with a mass spectrometer at scan ranges that are too high. Mass spectrometer and flame ionization detectors respond less to oxidized compounds than to aromatic or aliphatic hydrocarbon (52) . Also, many compounds are still not included in the libraries commonly used to record and match airborne pollutants, and thus cannot be identified accurately. All these factors will affect the reliability of conventional techniques.
Sensors, on the other hand, require minimal manpower and post-experimental data processing. A typical sensor is built to produce a signal or a change to the chemical or physical properties in the presence of the tested analyte. The change is collected, amplified and converted into measurable values via a transducer. Fig. 2 describes the path of the sensing mechanism, from the detection of an analyte in the air to the representation of the measurable value on the computer. A single sampling location cannot be the representation for the space measured, and usually more than one sampling location will be required to increase measurement accuracy (53) . Therefore, a network of sensors will be necessary to provide efficient and effective information on the indoor air pollutant content. In addition to identification, specific concentrations is the most important and valued data for air pollution control.
Physical sensors measure the temperature, relative humidity, air movement and ventilation indoors while chemical sensors contain a recognition element that is sensitive to stimuli produced by different chemical compounds (54) . Generally, chemical sensors are widely classified into gas, liquid and solid sensors, and further categorized as optical, electrochemical, thermometric and gravimetric sensors according to the operating principle of the transducer. The concept and design of an electronic nose (e-nose) was first reported by Persaud and Dodd (55) in 1982 as an example of a chemical sensor that consists of a range of independently semi-selective and reversible gas sensors combined with pattern recognition software, mimicking the human olfactory system. This technique is cheap and easy to operate, thus suitable for use as a general purpose detector of vapor chemical and can be used for online or real-time measurement (56) . A major challenge and concern for the use of e-nose is the long-term stability of the sensing system, which may be influenced by the ever-changing physical factors (temperature, pressure, and humidity), leading to unacceptable selectivity and degrading sensitivity levels. Therefore, short-term online measurement of VOCs in indoor air was developed (57) . Targeted VOCs (formaldehyde, benzene, toluene, and BTEXs) have shown good performance in qualitative and semi-quantitative measurements. Another e-nose application is a miniaturized, low-cost device based on metal-oxide sensors and signal processing techniques (58) . This device targets the quantification of CO and NO 2 in mixtures with relative humidity of volatile organic compounds measured by using an optimized gas sensor array and highly effective pattern recognition technique. Testing of this device in real operation showed its capability to identify and discriminate concentrations as low as 5 ppm for CO and 20 ppb for NO 2 , enabling it to reach the necessary sensitivity towards target pollutants and selectivity towards the typical interfering gas species. During the last decade, developments in nanotechnology created a huge potential for the development of cost-effective, highly sensitive and portable devices for air toxicity monitoring. Nanomaterial characteristics (e.g., high surface-to-volume ratio and hollow structure) provide ideal conditions for gas molecule adsorption and storage (59) . Therefore, gas sensors based on different nanomaterials (e.g., graphene (60, 61) , metal-oxides (62-64), single-walled carbon tubes (CNT) (65, 66) and multiwall carbon tubes (MWCNT) (67, 68) nanotubes have been widely investigated. For example, a hybrid CNT and tin oxide (CNT/SnO 2 ) has been used to detect NO 2 gas (69) and HCHO (70) ; while the hybrid CNT and tungsten dioxide (CNT/WO 3 ) have detected CO and NO 2 gas (71). Chemically modified multi-walled CNTs and PMMA composite were used to detect methanol and NH3 gases (72), while SnO 2 coated onto MWCNTs have detected C 4 H 10 , CH 4 , CO and LPG gases (73) . Platinum and palladium-nanoclusters functionalized CNTs detected NO 2 , H 2 S, NH 3 , CO up to a low limit of sub-ppm levels (74) .
A piezoelectric microcantilever in resonating mode, which shifts its resonance frequency due to mass loading, has shown high sensitivity for chemicals and has potential application related to artificial noses (75) . For example, piezoelectric substrate modified with SnO2 thin films was used for development hydrogen gas surface acoustic wave (SAW) sensors (76) . In this study, enhancement of the sensor performance was proceed by creating bi-layer sensing film made from SnO2 and highly dispersed palladium nanoparticle layers. Also, SAW based sensors were used to monitor methanol, diesels and benzenes (77) , nitrogen dioxides (78), organic volatiles (79), methane (80), particles (81) in the air. Another piezoelectric microcantilever coated with zeolite has been used for the detection of Freon gas (82) . The linear relationship between the frequency shift in percent and the concentration of the Freon gas was determined, where the sensitivity of the sensor was standing at −0.0024%/ ppm. Quartz crystal microbalance (QCM) approaches have been widely used for air toxicity monitoring. This approach is based on the electromechanical oscillation changes of the metal electrode modified quartz crystals. Specificity of this approach is based on chemical sensitive material deposited on a QCM surface, after which exposure with the analyte produced oscillation frequency changes proportional to the adsorbed mass. For example, organic polymer pentacene integrated on the QCM surface allowed monitoring for the presence of VOCs (e.g., benzene, toluene or xylenes) in air. Furthermore, this sensing layer was also active in the presence of 40% relative humidity, thus showing that the sensor allows operation at wet environments (83) . Another QCM based research has shown strong affinity of the tetra-tert-butyl copper phthalocyanine towards toluene (84) . Nevertheless, with higher reproducibility and sensitivity (10 ppm), the proposed system exhibits a partial selectivity to other gases like CO, NO 2 , H 2 S, and xylene. CNT tubes may also be used in piezoelectric based approaches as a sensor layer. For example, piezoelectric cantilevers coated with carbon nanotubes was able to monitor benzene (85), CO, and NO 2 (86) presence in the air. Good sensitivity and selectivity has made electrochemical biosensors to be one of the most common forms of gas detectors. A sno 2 -based gas sensor fabricated with radio-frequency induction plasma deposition (IPD) was also found to be very sensitive to indoor air pollutants (HCHO and NO 2 ) at a concentration of 20 ppb with rapid response and recovery time (87) . The sensing films consist of nano-sized particles, and when combined with nickel oxide (SnO 2 -NiO), the polycrystalline composite on a micro-hotplate sensor can detect formaldehyde at concentrations of 0.06 ppm, which is the indoor exposure limit in accordance with the Chinese Environmental Protection Agency (88) . Nanosized V 2 Ti 4 O 13 can also detect formaldehyde in the range 0.1 -40 mg/m 3 with a detection limit of 0.06 mg/m 3 using cataluminescence (89) . It has also demonstrated good stability for continuous monitoring of formaldehyde over 80 hours without interference from other gases passing through the sensor. Measurement of resistance changes of a nickel oxide (NiO) layer and a platinum interdigitated electrode (IDE) is another way to detect formaldehyde (90) . An adsorption/combustion-type gas sensor using Pd/γ-Al 2 O 3 as a sensing material and γ-Al 2 O 3 as a compensating material was fabricated by the micro-electro-mechanical system (MEMS) technology on a silicon substrate (91) . Experimental results have shown that this system can detect very low concentrations of toluene (10 ppb) within a short data acquisition time (measurable every 20 seconds), and results are independent of temperature and humidity. In another electrochemical approach, solid-state sensors may be used for developing reliable, sensitive, cost-effective, portable and simple to operate air toxicity sensors (92) . However, the major focus of research in this field is concentrating on screen printing technologies, which underpins the progressive drive towards real miniature, portable and commercially available devices. Similar to the air sensors discussed, screen printed electrodes may be modified with different polymers, which is supposed to change its conductivity upon interaction with the analyte. Using this approach, screen printed electrodes were modified with hydrazinium polyacrylate for formaldehyde detection (93) , polytetrafluoroethylene for measuring multiple gases including oxygen, methane, ozone and sulfur dioxide (94) and solid polymer electrolytes for NOx sensor fabrication (95) . There are many other electrochemical sensors in development today, and we have only mentioned the tip of the iceberg.
Optical gas sensors provides a good alternative to the piezoelectric and conductometric gas sensors. Chemiluminescence on a solid material was discovered a long time ago and can be applicable for gas sensing via an optical transducer. An example is yttrium oxide (Y 2 O 3 ) powder, a sensitive chemiluminescence material that can detect and quantify benzene vapor at the linear range 4-7018 mg/m 3 (r=0.9981, n=11) and detection limit of 1 mg/m 3 for more than 80 h (96). In one of the optical approaches, a colorimetric sensor made from porous glass impregnated with Schiff 's reagent and acid for detecting formaldehyde presence in the air was used. There was a colour change from yellow to violet, when exposed to formaldehyde, allowing the development of a sensor with a detection a limit between 20 ppm to 10 ppb (97). The non-dispersive infrared (NDIR) CO 2 gas sensor with optical cavities and two elliptical mirrors optimized for the optical path and light intensity is an example of an optical-based sensor (98) . It has two distinct features: one is focusing infrared (IR) light onto the detector with a minimum cavity volume and the other is an increased optical path length to enhance the sensitivity and accuracy. Other optical approaches are based on changes in the sensing membranes reflective indeces, induced by the presence of the toxicants in the air. These sensing materials may be used as dyes (99), crystals (100) or as a thin film placed on the prisms (101) or fiber optics. Fiber optic gas sensors are usually based on the fiber from which clad is removed, and core modified with sensing membranes, such as zinc vanadate (102) or Ho-doped bismuth oxide (103) for ammonia, ethanol, methanol and acetone gases detection, Nile red with polyvinylpyrrolidone for VOCs (104) and nano-crystalline zinc oxide for acetone, isopropyl alcohol and benzene gases detection (105) .
Biosensors allow the detection of biochemical agents using biological elements such as microorganisms, enzymes, antibodies, nucleic acids, tissues, and cell receptors. There are three main parts to a biosensor. First is the bio-recognition component, and then the interface which offers the immobilization of the bioreceptor, to the last part, which is a transducer. For real-time air pollution monitoring, bioluminescent assays have gained increased attention due to the advancements in genetic manipulation that offers the possibility of changing a non-emitting microorganism into one that is luminescent in the presence of a specific analyte (106) . Genetic engineering also enables programming of bacteria to respond in a desired way to a certain class of compounds. When bacteria are used (whole cell sensors), they can detect the presence of pollutants and provide information about the associated biological effects triggered by the pollutant (107) . Information on the toxicity effects of chemical compounds may be more important and valuable than the determination of the exact chemical composition of the indoor air.
One example of a whole cell biosensors is the use of a Pseudomonas strain as a recognition element in a biosensor system within a flow-through cell measuring sample injector to detect low concentrations of naphthalene (108) . The lower limit of naphthalene detection by HK44 is of 0.02 mg/L (0.16 µm), is below the health advisory limit as suggested by EPA. The same bacterial strain, when immobilized on 2% agar gel, was used with a dynamic atmosphere generator and naphthalene emission source (109) . The good linear response was obtained between 50 and 260 nmol/L with a detection limit estimated at 20 nmol/L which is far below the recommended threshold value. In another example, a reconstructed bioluminescent pseudomonas putida naphthalene biosensor using a NAH7 plasmid and a chromosomally inserted gene fusion between the sal promoter and luxAB genes was used to perform a filter-immobilized biosensor in a closed flask, with a naphthalene-contaminated aqueous phase (110) . Bioluminescence of the cells was proportional to the naphthalene concentration. This is probably due to the faster rate of transport in the gaseous phase, which resulted in bacteria showing a 10-fold lower detection limit in aqueous compared to the gaseous phase. Therefore, bio-reporter bacteria have shown good sensitivity for air pollution measurements.
In our laboratory, two bioluminescence bacterial reporter strains (genotoxicity and cytotoxicity sensitive) were used to monitor air pollution (111) . Various bacteria were immobilized in different matrices and exposed to the air pollutants in different volumes and matrices. The TV1061 strain immobilized in alginate showed the best sensitivity to some tested compounds. A direct connection was found between the volume of the immobilization bed and corresponding response of the bacteria and viability. Consequently, a novel online fiber optic-based biosensor was produced (Fig. 3) . A TV1061 strain was immobilized with alginate on the proximal end of a fiber optic and exposed to different air pollutants. Three layers of alginate were optimal for air monitoring, and our sensor demonstrated that different pollutants have different bioluminescence kinetic responses. For all pollutants, ppb level of sensitivity was achieved using our bioluminescence bacteria reporter. In continuation of this work, bioreporter bacteria were immobilized in calcium alginate pads, integrated with CMOS sensors and measured in a real indoor environment (1) . After different optimization steps (e.g., pad orientation, temperature, and time of exposure), the sensor was exposed to different chemicals and products available in the market that can usually be found in an indoor environment (e.g., cigarette smoke, acetone, paints, etc.). The proposed device is only the first step towards a user-friendly, Figure 3 . Descriptive scheme of the fiber optic based setup for real time monitoring of toxicity in the air. A, detection unit; A1, hermetic chamber; A2, alginate matrix with bacteria immobilized on the fiber optic core; A3, needle for air pollutant entrance; A4, fiber optic; A5, fiber optic holder; B, photon counting unit; B1, Hamamatsu HC135-01 PMT Sensor Module; B2, PMT fixation ring; B3, manual shutter (71430, Oriel); B4, fiber holder that prevents the movement of the fiber inside the photon counting unit; B5, fiber optic; C, outside handle of manual shutter that enables light access to the PMT (1). The EuroBiotech Journal portable and sensitive devices, which allows for real-time and continuous air monitoring in indoor environments. Non-modified bioluminescent microorganisms also may be used in air monitoring devices. An example are bacteria obtained from marine fish, immobilized in Ca-alginate beads and exposed to common air pollutants, i.e. SO 2 H 2 S, CO 2 and NH 3 (112) . In this case, the presence of the air pollutant was indicated by bacterial light activity inhibition. Another approach used filamentous green alga Klebsormidium for the detection of methanol and formaldehyde in the vapor (113) . The proposed sensor was operative for 30 days and showed good sensitivity (75 ppm) to the tested toxicants. The main conclusion from this study was that algal-based biosensors were suitable to detect VOCs in the air. For the simultaneous detection and identification of several targets by one biosensor, the same research group used three membrane-immobilized algal strains of genus Klebsormidium and Chlorella in one biosensor application to monitor different VOCs in the air (114) . Using the IMAGING-PAM chlorophyll fluorimeter this sensor provides dose-dependent and reversible responses to formaldehyde and methanol in concentrations acceptable to human health from 10 ppb to 10 ppm. Microbial fuel cell (MFC) sensors also demonstrated good potential in air toxicity monitoring. In this approach, the effect of the environment on the microbial activities may be monitored using different measurement technologies, i.e. electrochemical or optical. In electrochemical sensors, the bacterial culture's electrochemical properties are affected by chemicals in the air and are measured using integrated electrodes. For example, an MFC sensor based on biocathode sensing elements allows for the detection of 20-ppm formaldehyde (115) or carbon monoxide (116) in air.
Besides detecting the presence of air pollutants, some bacteria can degrade toxic compounds. Pseudomonas putida strains can aerobically degrade benzene (0.02 -0.14 mM, baseline recovery time of 15 min), toluene (0.05 -0.2 mM, baseline recovery time of 20 min) and ethylbenzene (0.1 -0.02 mM, baseline recovery time of 30 min) (117) . The difference in baseline recovery time for each type of analyte makes it possible to tell the compounds apart in mixtures of these VOCs. The reproducibility and simplicity of this biosensor makes it a reliable initial warning device for indoor air monitoring. Another whole cell application is the use of E-coli which contains the TOL plasmid (responsible for the degradation of benzene and its derivatives) fused with the genes of firefly luciferase (118) . This application offers a rapid, inexpensive and sensitive technique for environmental detection of aromatic pollutant compounds. Diffusion of gases into the cells affect the sensitivity of the biosensors. The sensitivity can be improved by increasing the surface in contact with the chemicals and by reducing the volume of the immobilized cell layer. Biosensors also allows remote operations when immobilized bacteria are placed inside a specially constructed miniature flow cell which also houses the transducer, power source, and transmitter that converts the light signal into radio frequencies to be picked up at experimental headquarters (119).
Fungi (e.g., Alternaria alternata, Eurotium herbariorum, and Aspergillus penicillioides) have also been used as sensors for detecting formaldehyde in the air (120) . Fungal mycelium length and optical transparency of the biosensor plate were employed as indices of the fungal growth, which are climate dependent (121) .
Another class of biosensors is based on enzymes. Electrochemical biosensors binds enzymes to the electrode via immobilization technique to enable a high sensitivity and selectivity with short response time measurement. For example, formaldehyde emitted from timber materials was successfully measured by formaldehyde dehydrogenase (FALDH) immobilized on a Pt-electrode coated with hydrophilic PTFE, in the range from 40 to 2000-3000 ppb (122) . This detection range covers the detection limit of the human sense of smell (410 ppb) and this is an effective and convenient approach for measuring gaseous formaldehyde in an indoor environment. Utilizing different enzymes can create sensors sensitive to the wild group of indoor air pollutants. However, enzyme-based biosensors face the problem of the decreasing activity of the bioreporters during the immobilization step, and the long-term storage stability. Research is ongoing to increase the stability of immobilized enzymes, and one study has shown that when FALDH is immobilized in mesoporous silica, the storage stability is prolonged and stable for over 80 days (123) . This result is useful for developing high-performance electrochemical biosensors. Another research group used alcohol oxidase from the yeast Hansenula polymorpha and horseradish peroxidase for development of low-cost biosensors for semi-quantitative detection of airborne formaldehyde in concentrations higher than the threshold levels (124) . The measuring method is based on the colour change of a solution that contains a mixture of two enzymes and a chromogen, after the exposure to airborne formaldehyde. Rapid visual detection and no need for unnecessary complicated instrumentation provides an attractive tool for the detection formaldehyde at concentrations that are dangerous to human health. The presence of the formaldehyde in the air also may be detected under continuous flow conditions by an online system comprising of a wet scrubber for a continuous transfer of the pollutant to an aqueous solution, a micro-reactor containing immobilized formaldehyde dehydrogenase (FDH), and a conductometric transducer (125) . With the long-term operative stability (more than three months), the proposed system allowed formaldehyde detection in the range 0.05-2 ppm with a sensitivity of 20_S/ppm.
Structure guided protein engineering is a powerful tool for creation of selective protein-based biosensors that exclusively and specifically detect benzene and its derivatives (126) , that possess the ability to specifically discriminate between alkyl substituted benzene derivatives; such as toluene, m-xylene, and mesitylene. Another approach uses the correlation between radon and its stable decay daughter 210 Pb, in the creation of sensitive, label-free, fluorescent monitors, in their detection in air (127) , via a specific lead-induced aptamer HTG conformational change and the organic dye malachite green (MG), as the fluorescent probe with limits of detection for lead and radon detection, 6.7 nmol/L and 2.06 × 10 3 Bq·h/m 3 , respectively. The changing source of pollutants due to the constant change in building material and consumer products created many of the chemicals found in the indoor environment and occupants. Therefore, monitoring the concentration and type of pollutant and removal of this toxicant in the air is of utmost importance. We believe that biosensors can fulfill the need to detect and provide clean indoor air in the future as they provide detailed toxicity information unlike most of the other techniques.
Future trends
The area of biosensors for potential indoor air monitoring has made huge progress in the past decade. Progress in genetic technologies will allow the creation of better whole cell organisms and improve the specificity and variability of enzymatic bioreporters. Currently, the main disadvantage of indoor pollution monitoring systems is their inability in multiple analyte detection, even though most health effects are caused by exposure to a group of pollutants. Thus, the future emphasis will likely be on the creation of multi-array sensors based on different bioreporters (e,g, enzymes or whole cell organisms) which allows the detection of hundreds of wholly separate compounds.
Developing environmentally friendly composites with low or no pollutant emission and buildings with automatic ventilation systems that can monitor indoor and outdoor air will solve the root of the problem for indoor air pollution. Such advancement will help create a constant optimal environment in the air that can in turn increase work productivity and reduce negative health impacts. Currently, the health effects of pollutants are still not well understood and documented; therefore, the creation of a library of standard exposure values of toxicants would be useful.
Green buildings are the future of construction in most developed countries. It uses materials and products that generally releases reduced amounts of chemicals and pollutants at levels that will not harm human health. Rating systems such as the Leadership in Energy and Environmental Design (LEED) was developed by the U.S. Green Building Council to ensure the sustainability of these buildings for human health and the environment. Researchers have found that children living in green buildings have less asthma attacks and currently, the World Green Building Council is doing research on how green buildings affect the health and productivity of their users.
